Introduction
Nanotechnology development has grown rapidly in the past decade in various fields of application such as drug delivery [1, 2] , environmental health [3] , electronics or biomedical engineering [4] . Nevertheless, this rapid development might be also associated with unintended hazards. Despite intensive research efforts, reports of cellular responses to nanomaterials are often inconsistent and even contradictory. Furthermore, toxicological data of SiO 2 nanoparticles on human renal cells in vitro and their detailed molecular mechanisms still remain unknown. Indeed, to our knowledge, there are no published data reporting the study of such nanoparticles upon biological human material from kidney, which is among the more important retention organs. The aim of our study is to evaluate the potential toxicity of these nanoparticles on two human cell lines from proximal tubule (Hek293 and Caki-1).
Unfortunately, the intrinsic properties of nanomaterials have already shown some unintended interferences with some usual cytotoxic and genotoxic assays, leading to false negative or false positive results [5] . Thus it clearly appears critical to use a wide range of conventional cytotoxicity assays in order to determinate which of them are the most accurate to study a specific nanoparticle. We have decided to study the genotoxicity of two SiO 2 nanoparticles (25 and 100 nm) via five conventional cytotoxicity assays: Neutral Red, LDH release, XTT, MTT and SRB. To complete these classical approaches, we have adapted two methods based on flow cytometry and confocal microscopy to study i) DNA ploidy and cell mortality ii) DNA double strand breaks by the detection of phosphorylated -H2Ax-foci, together with the intracellular accumulation of nanoparticles. In order to track the nanoparticles, we have used SiO 2 -25 nm and SiO 2 -100 nm dispersed nanoparticles labeled with Rhodamine B and TMPyP respectively, these two fluorophores being incorporated during synthesis.
Experimental

Cell Culture
Human Caki-1 cells (ATCC number: HTB-46™) and human Hek293 (ATCC number: CRL-1573™) were routinely grown at 37°C in a humidified atmosphere of 5% CO 2 and 95% air, in Dulbecco's Modified Eagle Medium (DMEM) Glutamax supplemented with 10% (v/v) inactivated fetal bovine serum (FBS) and 1mM Anti-Anti (InVitrogen).
Characterization of SiO 2 nanoparticles
2.2.1. Materials. Triton® X100 (TX-100), Igepal CO-520, 1-hexanol anhydrous ( ), cyclohexane reagent plus® ( ), aqueous ammonia (NH 4 OH) solution (25%), tetraethylorthosilicate (TEOS, 98%), ethanol, Rhodamine B, 5,10,15,20-tetrakis(1-methyl-4-pyridino)porphyrin tetra(toluene-4-sulfonate) (TMPyP) all purchased from Aldrich, were used without further purification. Water was purified with a Milli-Q system (Millipore, Bedford, MA) including a SynergyPak® unit. The exclusive Jetpore®, ultrapure grade mixed-bed ion-exchange resin, was also used in this unit. Water achieved resistivity above 18.0 M .cm at 25°C. A C 3.12 centrifuge (Jouan, France), and a Sonorex Digitec sonication water-bath (Roth, France) were used. Dialysis tubes have been purchased from Roth, and possess a nominal filter rating of 3500, and a MWCO of 4000-6000 D. 2 25 nm. Silica nanoparticles were synthesized using a reverse micro-emulsion method, as described by Boudreau et al. in the literature [6] . To a clean 50 mL erlenmeyer, Igepal CO-520 (8 mL), cyclohexane (20 mL) and an aqueous solution or rhodamine B (650 µL at 0.01M) were mixed and stirred at room temperature to form a homogeneous micro-emulsion. After 10 minutes of equilibration, aqueous ammonia NH 4 OH (35 µL) was introduced in the micro-emulsion as the catalyst in the synthesis of the silica shell. After another 10 minutes of equilibration, TEOS (60 µL) was added. After a 24 hours aging period, the nanoparticles were centrifuged (8000 g for 15 minutes) and washed several times with ethanol to remove unreacted and untrapped chemical species. Ultrasonification (35 Hz) was used in order to disperse nanoparticles aggregated into the washing solvent and to increase the desorption rate of surfactant from the surface of the synthesized nanoparticles. Then the sample is subjected to dialysis against deionised water for a week.
Synthesis of SiO
2.2.3. Synthesis of SiO 2 100 nm. Silica nanoparticles were synthesized using a reverse micro-emulsion method, as described by Tan et al. in the literature [7] . Consequently a quaternary micro-emulsion consisted in mixing Triton X-100 (12.6 mL, 13.5 g, d = 1.07), 1-hexanol (12.3 mL), and cyclohexane (57 mL) under a vigorous stirring at room temperature, followed by additions of a concentrated aqueous solution of TMPyP dye in water (600 µL at 0.1M), water (1.2 mL), aqueous ammonia NH 4 OH (725 µL at 25%) and, TEOS (725 µL) in that order. The mixture was allowed to stir for 24 h at room temperature and a subsequent addition of ethanol (100 mL) disrupted the inverse micelles. Particles were recovered by centrifugation (8000 g for 15 minutes) and washed thoroughly three times with ethanol and one time with water. Ultrasonification (35 Hz) was used in order to disperse nanoparticles aggregated into the washing solvent and to increase the desorption rate of surfactant from the surface of the synthesized nanoparticles. Then the sample is subjected to dialysis in deionised water for a week 2.2.4. Transmission Electron Microscopy. The morphologies and sizes of dye-doped silica nanoparticles were characterized using a transmission electron microscope (JEOL 2000 FX). The sample for transmission electron microscopy (TEM) were prepared by plunging a 200 mesh carboncoated copper grid, 30-50 nm thickness, (Euromedex, France) in the desired nanoparticle-containing aqueous solution just after dispersion by ultra-sonification. Further to the evaporation of the water, the particles were observed at an operating voltage of 200 kV. Once the samples were imaged, TEM micrographs of dye-doped silica nanoparticles were converted to digitize images using imaging software (IMIX, PGT). Furthermore elemental analysis of the samples could be performed by Energy Dispersion RX Spectroscopy (EDS).
Particle Sizing.
The hydrodynamic diameter and dispersivity of the silica nanoparticles were determined by Dynamic Light Scattering (DLS) technique using a Zetasizer Nano ZS from Malvern Instruments. The light scattering measurements were performed using a 633 nm red laser in a backscattering geometry (θ = 180°). The particle size was analyzed using a dilute suspension of particles in deionized (or ultrapure) water and in culture media.
2.2.6. Fluorescence measurements. All fluorescence measurements were performed at room temperature on a steady-state FS920 spectrofluorimeter (Edinburgh Instruments, UK) with a high spectral resolution (signal to noise ratio > 6000:1), using water as the solvent, and a 1 cm cell, the latter oriented at to the direction of the excitation light beam. The spectrofluorimeter covers the wavelength range from 200 to 1670 nm using two detectors: a photomultiplier R928 for UV-Vis scans (up to 870 nm) and a solid InGas TE G8605-23 detector for IR scans. The excitation source is a continuous Xenon Arc lamp (450 W) coupled to two Czerny-Turner DMX300X 1800 tr/mn monochromators, one for UV excitation (focal length 300 mm) and one for visible wavelength (focal length 500 mm). Fluorescence intensity values were integrated over the wavelength region specified. Data were recorded in a comparative manner, ca. using the same aperture of slits.
Cytotoxicity
Caki-1 and Hek293 human cells were exposed to SiO 2 -25 and 100 nm at concentrations of 0; 0.1; 1; 10; 50 and 150 µg/ mL for 24 h at 37°C in 96-well micro-plates. Cytotoxicity was evaluated according to the Borenfreund protocol [8] for Neutral Red protocol, with a LDH assay (Roche) according to the Decker protocol [9] , for LDH release with a XTT assay (Sigma) according to the Scuderio protocol [10] , with a MTT assay (Sigma) according to the Alley protocol [11] , and with a SRB assay (Sigma) according to the Skehan protocol [12] .
Flow Cytometry
After 24 h treatments, cells were washed and trypsinised for 5 minutes. Trypsine was inactivated by complete DMEM, cells were centrifuged for 5 minutes at 300 g and then resuspended in 500 µL of DMEM with serum in flow cytometry compatible tubes (BD 352058). Multi-parametric analyses were performed on BD Facscalibur using FlowJo 7.5.5 software. A first analysis was realized on size/granulometry to collect living and dead cells and to remove fragmented cells. Rhodamine-doped SiO 2 -25 nm nanoparticles events are then collected on FL2 and TMPyP-doped SiO 2 -100 nm on FL3, respectively corresponding to both optimal fluorescence emission. FL2 and FL3 signals are collected after excitation by Argon laser at 488 nm, between 564-606 nm and superior to 670 nm, respectively. To-Pro3 (Molecular Probes, Invitrogen) signal was collected on FL4 and was used for the analysis of cell viability since this dye requires a 635 nm red laser, which excitation is compatible without interference with equipment and nanoparticles detection. 
Confocal microscopy.
Fixed and labeled cells were photographed with a 40x PlanApo under a fluorescence confocal microscope (Leica TCS SP2, Wetzlar, Germany) equipped with lasers at 364 nm (Hoechst and TMPyP labelled SiO 2 -100 nm nanoparticles), 488 nm (Alexa fluor 488) and 543 nm (Rhodamine B labelled SiO 2 -25 nm). Hoechst signal was collected between 410-450 nm, -H2Ax foci signal between 500-540 nm while SiO 2 -25 nm and 100 nm signals were collected between 540-570 nm and 670-725 nm, respectively. Each analysis was made on at least 100 cells and at least three images of each condition were analyzed. Confocal microscopy optical slice sections of 8 to 20 μm were made from the luminal to the basal pole of the cells, each acquisition containing nine stacks. Cell Profiler software [13] was used for the detection of foci and scoring in Alexa Fluor images.
Statistical analysis.
To test whether the basal number of -H2Ax-foci observed in control cells was significantly different from that observed in nanoparticle exposed-cells, a Wilcoxon rank test based on at least 100 observations for each condition was performed.
Results
Among the five cytotoxicity assays which were used in this study, no interferences between the reading wavelengths and the intrinsic properties of both nanoparticles were observed. Even though Caki-1 and Hek293 human cell lines derivate from the same localization (proximal tubule), their responses after of SiO 2 -nanoparticles exposure are different. The cytoxicity study assessed on both cell lines has shown that Caki-1 cells are more sensitive than Hek293 cells after a 24 hours of exposure to SiO 2 -25 nm nanoparticles (figure 1). Moreover this result is confirmed with the five other cytotoxicity assays : LDH activity (reported by LDH release) ; the mitochondrial activity (reported by MTT and XTT) and the metabolic activity (reported by SRB) ( figure 1 ). On the other hand, similar experiments done after a 24 hours of exposure to SiO 2 -100 nm have not shown a significant increase of cytotoxicity ( figure 1 ) when comparing the two cell lines. This cytotoxicity study was extended by flow cytometry analysis, which allows to distinguish dead cells and living cells. Moreover, flow cytometry is a powerful and very sensitive approach to visualize incorporation of traceable nano-objects. Recent studies [14] [15] [16] have suggested that flow cytometry is of interest with regard to incorporation of nanoparticles of environmental particles and with regards to light scattering analysis. We propose an analysis of the nanoparticle incorporation, not based on light scattering but on the direct fluorescence emitted by nanoparticles. Indeed flow cytometry allows bi-parametric analysis using multi-channel detection which permits coupling the viability data to the presence of nanoparticles. Based on that principle, flow cytometry was performed upon Caki-1 and Hek293 human cells exposed to SiO 2 -25 and 100 nm nanoparticles using a bi-parmetric analysis: specific fluorochrome nanoparticles detection (FL2 channel for SiO 2 -25 nm and FL3 channel for SiO 2 -100 nm) and mortality evaluation (FL4 channel with ToPro-3). Figure 2 shows that Caki-1 cells exposed for 24 hours to SiO 2 -25 or 100 nm do not present the same profile. Caki-1 cells mostly die without detectable intracellular nanoparticles at 24 hours after exposure to 50 µg/mL of SiO 2 -25 nm (figure 2.A), while at the same time, Hek293 cells are mostly living with detectable intracellular nanoparticles after an exposure to 50 µg/mL of SiO 2 -100 nm ( figure 3.B) . These kinetics differencies of nanoparticles penetration are depicted on figure 2, which reports an absence of gap in the FL2 channel for Caki-1 cells exposed to 50 µg/mL of SiO 2 -25 nm nanoparticles compared to the signal obtained in non-exposed cells (figure 2.A. and figure 3 .A.). On the other hand, a high gap in the FL3 channel was observed for the two cell lines exposed to 50 µg/mL of SiO 2 -100 nm compared to the signals obtained in non-exposed cells (figure 2.B. and figure 3 .B.). A second bi-parametric analysis, which split up the signal into FL2 vs FL4 (for SiO 2 -25 nm) and into FL3 vs FL4 (for SiO 2 -100 nm), allowed us i) to directly correlate the absence of gap on the FL2 channel compared to control cells to the poor level of SiO 2 -25 nm incorporation and to the high level of cell mortality, especially for Caki-1 cells ii) to directly correlate the high gap on the FL3 channel compared to control cells to the high level of SiO 2 -100 nm incorporation in exposed cells, especially for Hek293 (figure 2.B and Figure 3 .B.). In order to investigate the genotoxicity of these two nanoparticles, we have adapted a second method based on phosphorylated -H2Ax-foci detection by confocal microscopy. The two tested concentrations for both nanoparticles and cell lines show a highly significant difference between the numbers of -H2Ax-foci observed in controls cells compared to those observed in exposed-cells (figure 4; p < 0.001 for all conditions excepted for Hek293 exposed to 10 µg/mL of SiO 2 -100 nm for which p < 0.05). Furthermore, the two human cell lines used in this study, do not present the same sensitivity in terms of DNA breaks : Caki-1 cell line seems to be once again more sensitive for an exposure to SiO 2 -nanoparticles (higher Med values observed in Caki-1 cells) than Hek293 cells for the two concentrations and for both sizes of nanoparticles. Contrary to the cytotoxicity data (where no significant differences were observed between the two cells lines for SiO 2 -100 nm nanoparticles (Figure 4) , the number of -H2Ax-foci indicates that the sizes of nanoparticles are more genotoxic for Caki-1 cells than for Hek293 cells ( figure 4) . Moreover, the data obtained for Caki-1 exposed to SiO 2 -25 nm nanoparticles seem to suggest a dose response (Med = 9 foci per nuclei and Med = 18, for 10 µg/mL and 50 µg/mL, respectively). To confirm this point, it could be interesting to do same experiments using larger range of concentrations. 
Conclusions
Overall, no interference was detected between labeled SiO 2 nanoparticles and conventional toxicological assays used in our study. Furthermore the two adapted confocal miscroscopy and flow cytometry methods, used to track intracellular nanoparticles together with the analysis of cell survival and genotoxicity, are very useful techniques. Our results indicated that SiO 2 -25 nm nanoparticles are more cytotoxic and genotoxic than SiO 2 -100 nm on both tested cell lines. On the other hand, Caki-1 cells are more sensitive to both nanoparticles than Hek293 cells, which are able to survive with intracellular nanoparticles.
More generally, these approaches could be routinely applied to others cell lines and to all others nanoparticles in mass dye labeled during synthesis. 
